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(57) ABSTRACT

Provided is a silver micropowder coated with a protective
material and capable of more drastically reducing the sinter-
ing temperature than before. The silver micropowder com-
prises silver particles processed to adsorb hexylamine
(C¢H,5—NH,) on the surfaces thereof and having a mean
particle diameter Dz, ,0f from 3 to 20 nm or an X-ray crystal
particle diameter Dy.of from 1 to 20 nm. The silver micropow-
der has the property of forming a conductive film having a
specific resistivity of not more than 25 uQ-cm when it is
mixed with an organic medium to prepare a silver coating
material and when a coating film formed of it is fired in air at
120° C. Even when fired at 100° C., it may form a conductive
film having a specific resistivity of not more than 25 pQ-cm.
The silver micropowder can be produced by mixing a silver
particle dispersion, as monodispersed in an organic medium,
of silver particles coated with a primary amine A having an
unsaturated bond and having a molecular weight of from 200
to 400, and hexylamine, and then keeping the mixture at 5 to
80° C. with stirring to thereby form precipitated particles.

6 Claims, 3 Drawing Sheets
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SILVER MICROPOWDER, SILVER INK,
SILVER COATING, AND METHODS FOR
PRODUCTION OF THESE MATERIALS

TECHNICAL FIELD

The present invention relates to a silver micropowder com-
prising silver nanoparticles coated with an organic substance,
to a silver ink and a silver coating material comprising the
silver micropowder, and to a method for producing them. In
this description, “nanoparticle” is meant to indicate a particle
having a particle diameter of not more than 40 nm or so; and
“micropowder” is meant to indicate a powder composed of
nanoparticles.

BACKGROUND ART

A metal micropowder has high activity and can be sintered
even at low temperatures, and therefore it has been specifi-
cally noted as a patterning material for poorly heat-resistant
materials for quite some time. In particular, with the recent
advancement in nanotechnologies, production of single-nano
class particles has become possible relatively in a simplified
manner.

Patent Reference 1 discloses a method of mass-producing
silver nanoparticles, starting from silver oxide and using an
amine compound. Patent Reference 2 discloses a method of
producing silver nanoparticles, comprising mixing an amine
and a starting material of silver compound, and melting them.
Non-Patent Reference 1 describes production of a paste using
silver nanoparticles. Patent Reference 4 discloses a technique
of producing silver nanoparticles having extremely good dis-
persibility in liquid. On the other hand, Patent Reference 3
discloses a method of exchanging a protective material for
metal nanoparticles, from A to B, which comprises adding a
polar solvent where an organic protective material B having a
functional group with a high affinity for metal particles, such
as a mercapto group or the like is dissolved therein, to a
non-polar solvent where metal nanoparticles protected with
an organic protective material A exist, then stirring and mix-
ing them.

Patent Reference 1: JP-A 2006-219693

Patent Reference 2: W004/012884

Patent Reference 3: JP-A 2006-89786

Patent Reference 4: JP-A 2007-39718

Non-Patent Reference 1: Masami Nakamoto, et al., “Appli-
cation of Silver Nanoparticles to Conductive Pastes”, Chemi-
cal Industry, by Kagaku Kogyo-Sha, October 2005, pp. 749-
754

DISCLOSURE OF THE INVENTION
Problems that the Invention is to Solve

In general, the surfaces of metal micropowder particles are
coated with an organic protective material. The protective
material plays a role of isolating silver particles from each
other in the reaction of producing the particles. Accordingly,
it is advantageous to select one having a large molecular
weight to some extent. When the molecular weight is small,
the distance between the particles may be narrow, and in some
case of wet-type synthetic reaction, sintering may go on dur-
ing the reaction. If so, the particles may grow coarsely and
production of a micropowder would be difficult.

On the other hand, when microwiring is formed on a sub-
strate, using a metal micropowder protected with an organic
protective material, the metal microparticles must be sintered
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together after the wiring drawing has been made. During
sintering, the organic protective material existing between the
particles must be removed through evaporation or the like. A
little bit of carbon could be permitted to remain in the sintered
body (wiring) in some cases, but may increase electric resis-
tance, and therefore, preferably, it is completely removed.

However, an organic protective material having a large
molecular weight is generally difficult to remove through
evaporation even by heating, and therefore, for example, in a
case of a silver micropowder, a sintered body (wiring) having
a high electroconductivity is difficult to construct when it is
not exposed to a high temperature of250° C. or more. Accord-
ingly, the type of the applicable substrate is limited to only
some materials having a high heatproof temperature, such as
polyimide, glass, aramide, etc.

The present applicant has succeeded in producing silver
nanoparticles of extremely good dispersibility by reducing a
silver salt in the presence of a primary amine having an
unsaturated bond such as oleylamine or the like, using the
method shown in Patent Reference 4 or other methods devel-
oped thereafter. The silver particles produced according to
such methods are coated with the organic protective material
of primary amine that was made to exist in the reduction
system. The organic protective material has a relatively large
molecular weight of 200 or more, and adheres to the circum-
ference of the metal silver, therefore playing a role of a
so-called “floating tube (or floating bag)”, and this contrib-
utes toward excellent dispersibility in a liquid organic
medium. Though the organic protective material has a rela-
tively large molecular weight, it exhibits an effect of facili-
tating the sintering of metal silver particles in the thin film
drawn with the ink or the coating material that contains the
silver particles. This may be because of the following reasons:
The organic protective material has an unsaturated bond in the
molecule, and therefore the organic protective material itself
may be readily oxidized and decomposed during firing and
may be thereby relatively readily released from metal silver
particles. In a case of using oleylamine, a conductive material
can be formed even in low-temperature firing at 180° C. orso.

However, even though the firing temperature could be low-
ered to 180° C. or so, the limitation to substrates is still
significant. If a metal micropowder capable of being sintered
at a low temperature of from 100 to 180° C., preferably from
100to 150°C. or so could be produced in a simplified method,
its use could inevitably broaden greatly. For example, when a
transparent polycarbonate is used as a substrate, microwiring
could be directly drawn on the surfaces of media such as CD,
DVD and the like, as well as lenses, and various functions
may be imparted thereto. Inexpensive antennas with microw-
iring drawn on a PET (polyethylene terephthalate) substrate,
and IC tags using paper as the base material thereof could be
realized. Further, a metal wire may be drawn directly on a
conductive polymer, and expansion of the applicability of
various electrode materials and others is expected. In case
where silver is used as a metal micropowder, its antibacterial
effect can be utilized, and other innumerable applications
may be taken into consideration.

Patent Reference 3 discloses a technique of replacing a
protective material that covers the surfaces of metal particles,
with any other protective material. In the step of producing
metal nanoparticles according to this technique, a reducing
agent is, later on, dropwise added to a solvent that contains a
metal donor substance and a protective material dissolved
therein to thereby obtain metal particles coated with the pro-
tective material. In the case of reaction with dropwise addi-
tion of a reducing agent to a solvent, the reducing agent itself
is diluted with the solvent, and therefore in the case, a strong



US 8,916,068 B2

3

reducing agent must be used, and it is not easy to deposit
metal nanoparticles with a completely uniform reducing
power even though the liquid is stirred. In addition, the ingre-
dient of the reducing agent would easily penetrate into the
particles. Accordingly, quality management control is diffi-
cult for attaining a uniform particle size distribution and for
reducing the impurities in the metal particles. Patent Refer-
ence 3 shows a case of using, in the invention therein, an
organic compound having a small molecular weight of
around 100, such as naphthenic acid, octylamine or the like,
as the protective material in forming the particles, but not
showing any other concrete method of producing metal nano-
particles protected with an organic compound larger than it.
The metal nanoparticles for which the molecular weight of
the protective material is small as above may readily floccu-
late and precipitate out in a liquid medium. In fact, in the
invention of Patent Reference 3, it is said that a step of
precipitating and collecting aggregates of metal nanoparticles
is indispensable in the production stage. It is considered that
such readily flocculating and precipitating particles will be
difficult to keep dispersed in a liquid medium, and a lot of
time may be taken in handling them in the intermediate step
including washing, and in the step of exchanging the protec-
tive material, strongly stirring and mixing them will be indis-
pensable for maintaining uniform quality. To that effect, the
technique of Patent Reference 3 requires further improve-
ments in point of the difficulty in uniform reduction control
and the flocculating and precipitating property (poor dispers-
ibility) of the particles, for practically carrying out it on an
industrial scale.

The present invention is to provide a silver micropowder
coated with a protective material capable of more drastically
lowering the sintering temperature than before according to a
simplified method, and to provide a silver ink and a silver,
coating material comprising it.

Means for Solving the Problems

For attaining the above-mentioned object, the present
invention provides a silver micropowder of silver particles
processed to adsorb hexylamine (CsH,;—NH,) on the sur-
faces thereof and having a mean particle diameter D, , of
from 3 to 20 nm or an X-ray crystal particle diameter D of
from 1 to 20 nm. The invention also provides a silver ink
produced by dispersing the silver micropowder in a liquid
organic medium S. The liquid organic medium S is preferably
an aromatic hydrocarbon, including, for example, decalin
(C,oH,g). Further the invention provides a silver coating
material prepared by mixing the silver micropowder with an
organic medium. The silver coating material has the property
of forming a conductive film having a specific resistivity of
not more than 25 uQ-cm when a coating film thereof is fired
at 120° C. in air. Even when fired at 100° C., it gives a
conductive film having a specific resistivity of not more than
25 uQ2-cm.

For the method of producing the silver micropowder hav-
ing excellent low-temperature sinterability, the present inven-
tion provides a production method that comprises a step of
mixing a silver particle dispersion, as monodispersed in an
organic medium, of silver particles coated with a primary
amine A having an unsaturated bond and having a molecular
weight of from 200 to 400, and having a mean particle diam-
eter Dy, of from 3 to 20 nm or an X-ray crystal particle
diameter Dy of from 1 to 20 nm, and hexylamine (mixing
step), a step of keeping the mixture liquid at 5 to 80° C. with
stirring to thereby form precipitated particles (precipitation
step), and a step of collecting the precipitated particles as a
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solid fraction through solid-liquid separation (solid-liquid
separation step). The collected solid fraction is composed of
the low-temperature sinterable silver micropowder. “Precipi-
tated particles” as referred to herein are particles that precipi-
tate when stirring the liquid is stopped; and during the pre-
cipitation step, many precipitating particles are kept floating
in the liquid since the liquid is stirred. As the primary amine
A, preferred is oleylamine (CoH,s—CgH,—NH,, having a
molecular weight of about 267).

The silver ink of the invention may be produced according
to a method comprising a step of washing the solid fraction
(silver micropowder) collected in the manner as above (wash-
ing step), and a step of dispersing the washed solid fraction in
a liquid organic medium S (ink-forming step). Further, the
low-temperature sinterable silver coating material of the
invention may be produced according to a method comprising
a step of washing the solid fraction (silver micropowder)
collected in the manner as above (washing step), and a step of
mixing the washed solid fraction with an organic medium to
make the mixture have a coatable property (coating material
forming step).

The method of firing the silver coating film in air at 120° C.
or 100° C. and measuring the specific resistivity of the fired
film is not specifically defined, for which preferably
employed is an ordinary method in the art. In this, the condi-
tion under which a sample to be analyzed is fired in air at 200°
C. and the fired film is evaluated to have a specific resistivity
of'not more than 20 nQ-cm is applied to 120° C. firing or 100°
C. firing, and the conductivity of the 120° C.-fired film or the
100° C.-fired film is evaluated. In other words, the condition
in preparing, applying for coating, firing and analyzing the
coating material is made the same as the condition under
which the 200° C. firing could give a specific resistivity of not
more than 20 nQ-cm (provided that only the firing tempera-
ture is changed to 120° C. or 100° C.), and the specific
resistivity of the 120° C.-fired film or the 100° C.-fired film is
measured. Any firing method whatever be capable of con-
firming the sintering result by firing at 200° C. (known ordi-
nary method) could confirm the presence or absence of the
sintering result even when applied to firing at 120° C. or to
firing at 100° C. Such a silver micropowder or a silver coating
for which originally the condition for forming a fired film
having a specific resistivity of not more than 20 uQ-cm could
not be found out in firing at 200° C. in air is outside the scope
to which the invention is directed.

In this description, “processed to adsorb hexylamine on the
surfaces” means that the surfaces of metal silver particles are
coated with a protective material formed by adsorbing hexy-
lamine molecules on the surfaces thereof, and the individual
metal silver particles are kept independent of each other, not
bonding to each other. So far as the silver micropowder com-
posed of such silver nanoparticles could have the property of
forming a conductive film having a specific resistivity of not
more than 25 nQ-cm when fired in air at 120° C. as in the
above, it may contain any other organic substance (for
example, the amine A ingredient and the like such as oley-
lamine, etc.) as impurities.

Advantage of the Invention

The invention has realized a silver micropowder capable of
being sintered at a low firing temperature of 120° C., and a
silver ink and a silver coating material that comprises it. In
particular, even in a case where the firing temperature is
lowered to 100° C. or so, sintering failure hardly occurs, and
therefore the latitude in firing temperature control is broad-
ened more than before. Further, the silver micropowder, the
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silver ink and the silver coating material of the invention can
be produced relatively in a simplified manner, and it may be
fully possible to industrialize them.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 This is a DTA curve relating to the protective mate-
rial of the particles used in the silver coating material in
Comparative Example 1.

FIG. 2 This is a DTA curve relating to the protective mate-
rial of the particles used in the silver coating material in
Comparative Example 2.

FIG. 3 This is a DTA curve relating to the protective mate-
rial of the particles used in the silver coating material of the
case n=6 in Example 1.

FIG. 4 This is a DTA curve relating to the protective mate-
rial of the particles used in the silver coating material in
Example 2.

FIG. 5 This is a TEM picture of the silver particles of the
case n=6 in Example 1.

FIG. 6 This is a graph showing the relationship between the
firing time and the volume resistivity of the fired film in
Example 2.

BEST MODE FOR CARRYING OUT THE
INVENTION

The silver micropowder excellent in low-temperature sin-
terability of the invention is characterized in that its constitu-
ent, silver particles are coated with an organic protective
material of hexylamine adsorbed on the surfaces thereof.

In general, an organic compound having a function of a
surfactant has a structure of R—X where R is a hydrophobic
group and X is a hydrophilic group. The hydrophobic group R
is typically an alkyl group with hydrogen bonding to the
carbon skeleton. The hydrophilic group X includes various
groups; in fatty acids, it is ““—COOH”, and in amines, it is
“—NH,”. Such a surfactant can be utilized as an organic
protective material that protects the active outermost surface
of metal silver particles. In this case, it is considered that the
hydrophilic group X may bond to the surface of the metal
silver while the hydrophobic group R may be so aligned as to
face outward of the particle coated with the organic protective
material. Metal nanoparticles are extremely highly active,
and therefore, in general, they could not exist stably when
their surfaces are not covered with a protective material.
However, in order that the thin film formed of a coating
material of silver nanoparticles is made to be conductive, the
metal silver particles must be sintered together at a tempera-
ture as low as possible, and for this, the metal silver particles
must be extremely thin, for example, having D;4,, of not
more than 20 nm, and in addition, the protective material on
the surfaces of the particles must be readily released away
from the surfaces of the particles through evaporation
removal in low-temperature firing.

For facilitating the removal and evaporation from the par-
ticles in low-temperature firing, it is advantageous to use an
organic compound having a molecular weight as small as
possible of all having the same hydrophilic group, as the
protective material. On the other hand, those having nearly
the same molecular weight may differ in the removability and
the evaporability depending on the structure of the hydro-
philic group X. The inventors’ investigations have clarified
that, in comparison between fatty acids and amines, amines
are more advantageous in low-temperature sintering. If silver
metal nanoparticles coated with an amine having a small
molecular weight on the surfaces thereof could be obtained,
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then an ink and a coating material (paste) excellent in low-
temperature sinterability could be produced.

However, in case where silver nanoparticles are produced
according to a “wet process” that is advantageous for mass-
production as compared with production in a vapor phase,
and when silver particles coated with an amine having a low
molecular weight are directly produced in that case, it is
difficult to obtain a silver micropowder having good dispers-
ibility owing to flocculation or the like, therefore often bring-
ing about a bar to the operation in preparing a coating material
via a step of washing or the like after the synthetic reaction.
Therefore, in the invention, silver nanoparticles having good
dispersibility that are coated with an amine A having a
molecular weight of from 200 to 400 are previously prepared,
and thereafter the amine A is replaced with an amine B having
a low molecular weight, thereby producing silver nanopar-
ticles coated with the organic protective material of amine B.

As the amine B, hexylamine (C,H,;—NH,, having a
molecular weight of 101.2) is used in the invention. As indi-
cated by the data given hereunder, the silver nanoparticles
processed to adsorb a primary amine having 8 carbon atoms,
octylamine (CgH,,—NH,) have the property of being well
sintered at a firing temperature of 120° C.; however, at 100° C.
or so, the resistance of the conductive film tends to suddenly
increase. Accordingly, for example, in case where the low
firing temperature condition at 120° C. is employed, the
desired conductive film is difficult to stably obtain unless the
temperature control is taken severely. As opposed to this,
when a primary amine having 6 carbon atoms, hexylamine is
adsorbed, it has been confirmed that the sintering could fully
be effected even at 100° C. Specifically, since the protective
material is composed of hexylamine having a low molecular
weight, the protective material could readily be released away
even in low-temperature firing at around 100° C. or so.
Accordingly, the latitude in the firing temperature condition
can be drastically broadened.

As the amine A, herein employed is a primary amine hav-
ing an unsaturated double bond and a molecular weight of
from 200 to 400. The primary amine of the type is favorable
as the protective material in production of silver particles in a
wet process. The amine has a week coordination force to the
surfaces of silver particles and is relatively readily desorbed
from the silver particle surface, and therefore can be readily
replaced with hexylamine. However, amines having a too
large molecular weight could not be smoothly desorbed, and
those having a molecular weight of not more than 400 are
preferred herein. Owing to the unsaturated bond existing
therein, the amine can be liquid at around room temperature
though having a somewhat large molecular weight of from
200 to 400, and therefore does not require heating in the
subsequent precipitation step and solid-liquid separation
step; and this is another advantageous feature of the invention
in industrialization thereof. In particular, for the low-tem-
perature sinterable particles of the invention, in-process heat-
ing would cause sintering of the particles to each other and
would be therefore a bar to production of high-quality coating
material and ink. In the past investigations, oleylamine is
extremely favorable, as combined with the easiness in pro-
duction of silver particles.

The particle size of the silver particles coated with the
organic protective material can be expressed by the mean
particle diameter D, thereof to be measured on the TEM
(transmission electronic microscope) image, or by the X-ray
crystal particle diameter D, thereof. In the invention, silver
particles having D, of from 3 to 20 nm, or silver particles
having an X-ray crystal particle diameter D, of from 1 to 20
nm are preferred candidates. The silver micropowder falling
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within the particle diameter range is advantageous in produc-
ing inks and coatings having good properties. Of those, silver
particles having a particle size, D 75, 0f from 6 to 20 nm or D
of from 4 to 20 nm are readily produced according to the
method mentioned below. Extremely fine silver particles hav-
ing D, ,0f from 3 to 7 nm or Dy of from 1 to 5 nm or so can
be produced, for example, according to a method of directly
reducing a silver compound in a solvent of oleylamine. The
crystal grain boundaries of the thus-produced metal silver
may be often contaminated with impurities; and when the
amount of the impurities increases, it may bring about some
disadvantages in that pores may be formed in firing the
microwiring and the microwiring could not secure good con-
ductivity and may have poor migration-proofness. As a result
of'various investigations, preferred are silver particles having
a degree of monocrystallinity, D, /Dy of not more than 2.5,
more preferably not more than 2.0.

The silver particles coated with a protective material hexy-
lamine could readily precipitate in a liquid medium, as com-
pared with those coated with an organic protective material
having a large molecular weight; but as a result of various
investigations, it has been found that “a silver ink™ capable of
exhibiting good dispersibility can be produced when a suit-
able liquid organic medium S is used. The liquid organic
medium S is preferably an aromatic hydrocarbon. For
example, it has been confirmed that the particles can be well
dispersed in cyclohexane, toluene, cumene, diethylbenzene,
tetralin, decalin, etc. It has been confirmed that the silver ink
prepared by dispersing the silver particles with a protective
material hexylamine in decalin (C, ,H, ;) can form a conduc-
tive coating film that is sinterable at 100° C.

The silver micropowder excellent in low-temperature sin-
terability can be produced in the manner mentioned below.
[Production of Silver Particles]

It is important that the starting silver nanoparticles for use
in the invention are stable in the particle properties such as the
particle size distribution and others and have the property of
hardly flocculating and precipitating in a liquid medium. As
the production method for such silver particles, herein
described in brief is the production method disclosed in
Patent Reference 4. Specifically, the production method com-
prises reducing a silver compound with a reducing agent of an
alcohol or a polyol, in an alcohol or a polyol, to thereby
deposit silver particles. In this case, the alcohol or the polyol
is a solvent and is also a reducing agent. The reduction may be
attained by heating the solvent liquid preferably up to a state
ofreflux. According to the method, contamination with impu-
rities may be prevented and, for example, when the silver
particles are used as a wiring material, the resistance of the
resulting wiring may be reduced.

In promoting the reduction, it is essential to make an
organic compound functioning as a protective material exist
in the solvent. As the organic compound, herein used is the
primary amine A having an unsaturated bond. With an amine
not having an unsaturated bond, it may be difficult to produce
silver nanoparticles protected with the amine on the surfaces
thereof. Regarding the number of the unsaturated bond in the
amine A, the inventors’ findings have confirmed that one
double bond will do therein. However, the amine A for use
herein shall have a molecular weight of from 200 to 400. With
an amine having a small molecular weight, the silver particles
may readily flocculate and precipitate in the liquid medium
during reduction, therefore often detracting from uniform
reduction. If so, the quality management control for a uniform
particle size distribution would be difficult. In addition, it
would also be difficult to produce a monodispersed state of
silver particles in the liquid organic medium. On the contrary,
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when an organic compound having a too large molecular
weight is used, it may be difficult to attain the operation of
substituting the compound with hexylamine in the later step.
A concrete example of the amine A is oleylamine.

The amount of the primary amine A to be in the solvent in
reduction may be from 0.1 to 20 equivalents to silver, more
preferably from 1.0 to 15 equivalents, even more preferably
from 2.0 to 10 equivalents. In this, one mol of the primary
amine corresponds to one equivalent thereof to one mol of
silver. When the amount of the primary amine to be used is too
small, then the amount of the protective material on the sur-
faces of the silver particles may be insufficient, and the par-
ticles could not be monodispersed in the liquid. If too large,
the reaction of substituting the amine A with hexylamine in
the later step could not be efficiently attained.

As the reducing agent, used is the solvent, alcohol or
polyol. Efficiently, the reaction is attained under reflux. For
this, the boiling point of the alcohol or the polyol is preferably
lower, and is concretely from 80 to 300° C., preferably from
80 to 200° C., more preferably from 80 to 150° C. Various
compounds disclosed in Patent Reference 4 and others may
beused; and above all, preferred are isobutanol and n-butanol.

For promoting the reduction, a reduction promoter may be
added. As the reduction promoter, one or more disclosed in
Patent Reference 4 may be selected; and of those, especially
preferred is use of diethanolamine or triethanolamine.

The silver compound as the silver source may be any one
capable of dissolving in the above-mentioned solvent, includ-
ing silver chloride, silver nitrate, silver oxide, silver carbon-
ate, etc. From the industrial viewpoint, preferred is silver
nitrate. The Ag ion concentration in the liquid in reduction
may be not less than 0.05 mol/L, preferably from 0.05 to 5.0
mol/L. The molar ratio of amine A/Ag may be within a range
of'from 0.05 to 5.0. The molar ratio of the reduction promoter/
Ag may be within a range of from 0.1 to 20.

Preferably, the temperature in reduction is within a range of
from 50 to 200° C. More preferably, it is from 50 to 150° C.,
even more preferably from 60 to 140° C. Preferably, in the
silver particles coated with an amine A (produced through the
above reduction), the proportion of the amine A to the total of
the silver particles and the amine A (hereinafter this may be
referred to as “amine A ratio”) is controlled to be from 0.05 to
25% by mass. When the amine A ratio is too low, the particles
may readily flocculate. On the contrary, when the amine A
ratio is high, there may be a risk that the substitution of the
amine A with the amine B in the later step could not be
attained efficiently.

[Preparation of Silver Particle Dispersion]

The silver particles coated with an amine A are, after pro-
duced through reduction, for example, according to the
above-mentioned wet process, collected through solid-liquid
separation and then washed. Afterwards, these are mixed with
a liquid organic medium to be a dispersion. As the liquid
organic medium, a substance is selected in which the silver
particles coated with an amine A can well disperse. For
example, preferably used are hydrocarbons. For example,
usable are aliphatic hydrocarbons such as hexane, heptane,
octane, nonane, decane, undecane, dodecane, tridecane, tet-
radecane, etc. Also usable is a petroleum solvent such as
kerosene, etc. One or more of these substances may be used to
prepare a liquid organic medium.

Inthe invention, however, it is important to prepare a silver
particle dispersion where silver particles coated with an
amine A are monodispersed therein. “Monodispersed” as
referred to herein means that the individual silver particles
exist in the liquid medium in an independently movable state
therein, but not aggregating together. Concretely, when the
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liquid that contains the silver particles is centrifuged for solid-
liquid separation, the liquid (supernatant) in which the par-
ticles are kept still dispersed therein is employed as the silver
particle dispersion herein.

[Exchange of Protective Material]

Mixing the liquid organic medium in which the silver par-
ticles coated with an amine A are monodispersed with hexy-
lamine realizes a state where hexylamine exists around the
individual particles, or that is, a state where the particles are
surrounded by the molecules of hexylamine in the liquid
(hereinafter this is referred to as “hexylamine-surrounded
state”). The inventors have found that, when this state is kept
for a while, then there occurs a phenomenon that the amine A
is released from the silver particles and is substituted with
hexylamine (hereinafter this may be referred to as “substitu-
tion reaction”).

At present, most of the mechanism of bringing about the
substitution reaction are not clear, but it may be considered
that the difference in the affinity between metal silver and
amine to be caused by the difference in the size of the hydro-
phobic group between the amine A and hexylamine would be
the main factor for promotion of the reaction. In addition, it is
considered that the use of the amine A having an unsaturated
bond would facilitate the release of the amine A from the
silver metal, therefore contributing toward the promotion of
the substitution reaction thereof with hexylamine.

The substitution reaction may go on at around 5° C. or
higher; however, when the reaction is held at a low liquid
temperature, a part of the amine A would remain as kept
adsorbed on the surface of the metal silver. Specifically, the
protective material to be formed may contain a large quantity
of the impurity amine A in hexylamine. In this case, the
dispersibility in an aromatic organic compound may be low,
and the silver micropowder would be disadvantageous in
producing an inexpensive liquid ink that comprises an aro-
matic organic compound as the dispersion medium. Accord-
ingly, the exchange to hexylamine is held preferably at 20° C.
or higher, more preferably at 50° C. or higher. However, at a
too high temperature, some unconsidered sintering may
occur; and therefore, the reaction is held preferably at a tem-
perature not higher than 80° C., more preferably at a tempera-
ture not higher than 70° C.

With the promotion of the substitution reaction of the pro-
tective material covering the surfaces of the silver particles
with hexylamine having a low molecular weight, the effect of
“floating tube” of the amine A having a large molecular
weight may gradually reduce, and even in the state where the
amine A still remains, the particles begin to precipitate down.
When the precipitated particles are deposited at the bottom of
the reactor, the particles could no more get the “hexylamine-
surrounded state”, and the substitution reaction hardly goes
on further. Accordingly, in the invention, the liquid is stirred
during the substitution reaction. However, it is not necessary
to stir the liquid so strongly. It may be enough so far as the
particles with the amine A still adhering thereto could be
exposed to the “hexylamine-surrounded state”. Accordingly,
it is desirable that the stirring force is given to such a degree
that the precipitated particles would not be deposited at the
bottom of the reactor.

After the formation of the “hexylamine-surrounded state”,
the substitution with hexylamine increases with time; but the
substitution reaction is preferred to continue for 1 hour or
more. However, even over 24 hours, the substitution reaction
may not go on any more, and therefore, from the practical
viewpoint, the substitution reaction is finished within 24
hours. The reality is that the time is controlled within 1 to 7
hours.

The amount of hexylamine to be mixed is one enough for
realizing the “hexylamine-surrounded state”. Relative to the
amount of the amine A existing as the protective material
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before mixing, the amount of hexylamine is preferably a
considerably large amount in terms of the ratio thereof by
mol. Concretely, in terms of the equivalent ratio to Ag existing
as silver particles before mixing (hexylamine/Ag), hexy-
lamine is mixed preferably in an amount of not less than 1
equivalent, though depending on the liquid amount. In the
past experiments, good results were obtained with from 2 to
20 equivalents or so of hexylamine in terms of the equivalent
ratio of hexylamine/Ag. One mol of hexylamine corresponds
to one equivalent, relative to one mol of Ag.

When an alcohol in which the amine A can well dissolve is
incorporated in the liquid where the substitution reaction goes
on, then the substitution with hexylamine may go on more
efficiently. In case where the amine A is oleylamine, for
example, isopropanol is favorably added to the liquid.
[Solid-Liquid Separation]

As described in the above, the particles on which the sub-
stitution reaction has finished precipitate down, and there-
fore, the liquid after the reaction is subjected to solid-liquid
separation whereby the particles processed for the substitu-
tion reaction (in the precipitation step) can be collected as a
solid fraction. For the solid-liquid separation, preferred is
centrifugation. The obtained solid fraction comprises mainly
silver nanoparticles coated with an organic protective film of
hexylamine. In that manner, the silver micropowder of the
invention can be obtained.

[Washing]

Preferably, the above-mentioned solid fraction is washed
with a solvent such as alcohol, etc. After the washing opera-
tion to be held once or more, the solid fraction finally obtained
through solid-liquid separation is used in the coating.
[Preparation of Ink]

The above-mentioned, washed solid fraction (silver
micropowder with the protective material substituted with
hexylamine) is mixed with a suitable liquid organic medium
S whereby the silver micropowder is dispersed in the liquid
organic medium S to give a silver ink of the invention. Since
hexylamine has a low molecular weight, its ability as a “float-
ing ring” is naturally low; however, use of the suitable liquid
organic medium S can realize a good dispersion state. As the
liquid organic medium S, aromatic hydrocarbons are rela-
tively effective, and one preferred example is decalin.
[Preparation of Coating Material]

The above-mentioned, washed solid fraction (silver
micropowder with the protective material substituted with
hexylamine) is mixed with a suitable organic medium thereby
to make the mixture have coatability; and a silver coating
material of the invention is thus produced. The organic
medium to be mixed here is essentially so selected that it may
be readily evaporated away at a temperature of 120° C. or so.

EXAMPLES
Comparative Example 1

As a reference, a silver coating material was prepared,
using a silver micropowder produced according to the alcohol
reduction method disclosed in Patent Reference 4 or the like,
and this was fired at a firing temperature of 200° C. or 120° C.,
and the specific resistivity of the fired film was measured. In
this silver micropowder, the surfaces of the individual par-
ticles are coated with an amine A (here, this is oleylamine).
Concretely, the experiment is as follows:

[Production of Silver Particles]

96.24 g of isobutanol (special grade chemical by Wako
Pure Chemical Industries) as a reaction medium and a reduc-
ing agent, 165.5 g of oleylamine (by Wako Pure Chemical
Industries, having a molecular weight of 267) as an amine A,
and 20.59 g of silver nitrate crystal (by Kanto Chemical) as a
silver compound were prepared, and these were mixed and
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stirred with a magnet stirrer to dissolve the silver nitrate. The
solution was transferred into a container equipped with a
reflux condenser, put in an oil bath, and with introducing, as
an inert gas, nitrogen gas at a flow rate of 400 mL/min into the
container, the solution was heated up to 108° C. with stirring
with the magnet stirrer. This was kept refluxed for 5 hours at
a temperature of 108° C., and then 12.87 g of a secondary
amine, diethanolamine (by Wako Pure Chemical Industries,
having a molecular weight of 106) as a reduction promoter
was added thereto in a ratio by mol to Ag of 1.0. Next, this was
kept as such for 1 hour, and the reaction was thus finished.
After the reaction, the slurry was centrifuged for solid-liquid
separation, the separated liquid was discarded, and the solid
component was collected. Next, this was washed twice
according to an operation of “mixing the solid component and
methanol, then centrifuging the mixture for solid-liquid sepa-
ration, discarding the separated liquid and collecting the solid
component”.

[Preparation of Silver Particle Dispersion]

Tetradecane was prepared as a liquid organic medium. This
was mixed with the above-mentioned, washed solid compo-
nent, then dispersed and centrifuged for 30 minutes for solid-
liquid separation, and the separated liquid was collected. In
this liquid, the amine A (oleylamine)-coated silver particles
are monodispersed.

The silver particle dispersion was observed with a trans-
mission electronic microscope (TEM), and the mean particle
diameter D ., , was determined. Specifically, of the particles
observed with a 600,000-power TEM (JEOL’s JEM-2010),
independent, non-overlapping 300 silver particles were ana-
lyzed for the particle diameter thereof, and the data were
averaged to compute the mean particle diameter. As a result,
Dz, was 8.5 nm. In this Example, the silver particle disper-
sion is used for a silver coating material as described below;
and in Table 1, the value of D, ,is shown.

The coating amount of the amine A (oleylamine) on the
silver particles in the silver particle dispersion was measured
according to the method disclosed in Japanese Patent Appli-
cation No. 2007-235015, and was 8.0% by mass.

[TG-DTA of Protective Material]

The washed solid fraction (in wet) obtained according to
the above-mentioned ‘“Production of Silver Particles” was
analyzed through TG-DTA at a heating speed of 10° C./rain.
The DTA curve is shown in FIG. 1. In FIG. 1, the large
mountain appearing between 200 and 300° C. and the peak
appearing between 300 and 330° C. are considered to be
derived from the amine A, oleylamine.

[Determination of X-ray Crystal Particle Diameter D]

The washed solid fraction (in wet) obtained according to
the above-mentioned “production of silver particles” was
applied onto a glass cell, set in an X-ray diffractiometer, and
based on the diffraction peak of the Ag(111) plane, the X-ray
crystal particle diameter D, was computed according to the
Scherrer’s formula of the following formula (I). For the
X-ray, used was Cu—Ka.

Dy=K-N(Bcos 0) (6]

Inthis, K is the Scherrer’s constant, and is 0.94. A is the X-ray
wavelength of the Cu—Ka ray; p is the half-value width of
the above-mentioned diffraction peak; and 0 is the Bragg
angle of the diffraction line.

The results are shown in Table 1 (the same shall apply to
Examples given below).
[Preparation of Silver Coating Material]

In this, a silver coating material was prepared, using silver
particles coated with a protective material ofthe amine A. The
viscosity of the silver coating dispersion was measured with
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arotary viscometer (Toki Sangyo’s RE550L), and the viscos-
ity was 5.8 mPa-s. The silver concentration in the silver par-
ticle dispersion was measured with a TG-DTA device, and
was 60% by mass. It was recognized that the silver particle
dispersion could have coatability as an ink, and therefore, it
was used as a silver coating material directly as it was.
[Formation of Coating Film]

The above-mentioned silver coating material was applied
onto a glass substrate according to a spin coating method,
thereby forming a coating film thereon.

[Formation of Fired Film]

The substrate on which the coating film was formed was
first pre-fired on a hot plate at 60° C. for 30 minutes, and then
this was left on the hot plate and kept thereon at 200° C. in air
for 1 hour, thereby giving “200° C.-fired film”. Similarly,
after pre-fired at 60° C., the coated substrate was kept on the
hot plate at 120° C. for 1 hour, thereby giving “120° C.-fired
film”.

[Measurement of Specific Resistivity (Volume Resistivity) of
Fired Film]

From the surface resistivity measured with a surface resis-
tivity meter (Mitsubishi Chemical’s Loresta HP), and the
thickness of the fired film measured with a fluorescent X-ray
film thickness meter (SII’s STF9200), the volume resistivity
was computed, and this was taken as the specific resistivity of
the fired film.

The results are shown in Table 1 (the same shall apply to
Examples given below).

As is known from Table 1, the specific resistivity of the
200° C. fired film formed of the silver micropowder of this
Example where the constitution of the protective material is
the amine A greatly lowered, and it may be said that silver was
sintered at a temperature not higher than 200° C. However,
the 120° C. fired film could not be admitted to have conduc-
tivity. Accordingly, it may be said that under the condition of
120° C.x1 hour, the silver particles could not be sintered
enough to impart conductivity to the sintered film.

Comparative Example 2

Silver nanoparticles were produced according to “Produc-
tion of Silver Nanoparticles” described in Comparative
Example 1, and a silver particle dispersion of the silver par-
ticles coated with amine A (oleylamine) monodispersed in
tetradecane was produced. As the substituting amine B, octy-
lamine was used in Comparative Example 2.

[Formation of Octylamine-Substituted Particles]

107.8 g of a reagent octylamine (C H,,—NH,, special
grade chemical by Wako Pure Chemical Industries) was pre-
pared. The amount corresponds to 10.0 equivalents relative to
Ag. For the purpose of promoting the reaction, 100.3 g of
isopropyl alcohol (special grade chemical by Wako Pure
Chemical Industries) was prepared. Octylamine and isopro-
py! alcohol were mixed in a glass vessel. Next, the mixture of
octylamine and isopropyl alcohol was added to 18.0 g of the
silver particle dispersion obtained according to the method of
Comparative Example 1 (in which the amine A coating
amount was 8.0% by mass, and the silver concentration was
about 50% by mass). Next, the reactor was heated in a water
bath up to a liquid temperature of 60° C., and with heating and
stirring at 400 rpm, the substitution reaction was continued
for 5 hours. When the stirring was stopped, the formation of
precipitated particles was confirmed.

[Solid-Liquid Separation and Washing]

452.1 g of methanol (corresponding to 2 times by mass of

the reaction liquid) was added to the above reaction liquid.



US 8,916,068 B2

13

This was added for promoting the precipitation. The liquid
was centrifuged for 5 minutes for solid-liquid separation. The
separated solid fraction was collected, 80.1 g of methanol was
added to the solid fraction, and stirred at 400 rpm for 30
minutes, and then centrifuged for 5 minutes for solid-liquid
separation, and the solid fraction was collected.

[TG-DTA of Protective Material]

The washed solid fraction was analyzed through TG-DTA
in the same manner as in Comparative Example 1. The DTA
curve is shown in FIG. 2. By comparison between before
substitution (FIG. 1) and after substitution (FIG. 2), the peak
appearing in FIG. 1 disappeared after substitution, and a new
peak was seen. From this, it is considered that the protective
material was changed from the amine A (oleylamine) to octy-
lamine.

[Determination of Mean Particle Diameter D, |

The sample powder (octylamine protective material-
coated, washed solid fraction in wet) was observed with TEM
(JEOL’s JEM-2010). Of the particles on the image, indepen-
dent, non-overlapping 300 silver particles were randomly
selected and analyzed for the particle size thereof (major
diameter on the image). The data were arithmetically aver-
aged to give the mean particle diameter D, ,of the particles.
[Determination of X-ray Crystal Particle Diameter D]

The sample powder (octylamine protective material-
coated, washed solid fraction in wet) was applied onto a glass
cell, set in an X-ray diffractiometer, and the X-ray crystal
particle diameter D, was determined under the same condi-
tion as in Comparative Example 1.

[Preparation of Silver Coating Material]

A small amount of decalin was added to the above-men-
tioned, washed solid fraction and processed with a kneading
defoamer to prepare a 50 mas. % silver coating material.
[Formation of Coating Film]

Using an applicator, the silver coating material was applied
onto the same substrate as in Comparative Example 1, thereby
forming a coating film thereon.

[Formation of Fired Film]

This was attained according to the same method as in
Comparative Example 1.

[Measurement of Specific Resistivity (Volume Resistivity) of
Fired Film]

This was attained according to the same method as in
Comparative Example 1. However, the film fired at a firing
temperature of 100° C. was also analyzed.

Example 1

Silver nanoparticles were produced according to “Produc-
tion of Silver Nanoparticles” described in Comparative
Example 1, and a silver particle dispersion of the silver par-
ticles coated with amine A (oleylamine) monodispersed in
tetradecane was produced. As the substituting amine B, hexy-
lamine was used in Example 1. In this, for confirming the
reproducibility, the same experiments made under the condi-
tion mentioned below were repeated 7 times (n=1 to 7), and
the data are shown in Table 1 below.

[Formation of Hexylamine-Substituted Particles]

As the amine B, 84.4 g of a reagent hexylamine (C;H, ;—
NH,, special grade chemical by Wako Pure Chemical Indus-
tries) was prepared. The amount corresponds to 10.0 equiva-
lents relative to Ag. For the purpose of promoting the reaction,
100.3 gofisopropyl alcohol (special grade chemical by Wako
Pure Chemical Industries) was prepared. Hexylamine and
isopropyl alcohol were mixed. Next, the mixture of hexy-
lamine and isopropyl alcohol was added to 18.0 g of the silver
particle dispersion obtained according to the method of Com-
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parative Example 1 (in which the amine A coating amount
was 8.0% by mass, and the silver concentration was about
50% by mass). Next, the reactor was heated in a water bath up
to a liquid temperature of 60° C., and with heating and stirring
at 400 rpm, the substitution reaction was continued for 5
hours. When the stirring was stopped, the formation of pre-
cipitated particles was confirmed.

[Solid-Liquid Separation and Washing]

405.3 g of methanol (corresponding to 2 times by mass of
the reaction liquid) was added to the above reaction liquid.
This was added for promoting the precipitation. The liquid
was centrifuged for 5 minutes for solid-liquid separation. The
separated solid fraction was collected, 80.1 gof methanol was
added to the solid fraction, and ultrasonically dispersed for 30
minutes, and then centrifuged for 5 minutes for solid-liquid
separation, and the solid fraction was collected.

[TG-DTA of Protective Material]

The washed solid fraction was analyzed through TG-DTA
in the same manner as in Comparative Example 1. One typical
DTA curve (case of n=6) is shown in FIG. 3. By comparison
between before substitution (FIG. 1) and after substitution
(FIG. 3), the peak appearing in FIG. 1 disappeared after
substitution, and a new peak was seen. From this, it is con-
sidered that the protective material was changed from the
amine A (oleylamine) to hexylamine.

[Determination of Mean Particle Diameter D, |

The sample powder (hexylamine protective material-
coated, washed solid fraction in wet) was analyzed for the
mean particle diameter D, thereof in the same manner as in
Comparative Example 2.

For reference, the TEM picture of the silver particles
obtained in the case of n=6 in Example 1 is shown in FIG. 5.
[Determination of X-ray Crystal Particle Diameter D]

The X-ray crystal particle diameter D, was determined
according to the same method as in Comparative Example 2.
[Preparation of Silver Coating Material]

A 50 mas. % silver coating material was prepared accord-
ing to the same method as in Comparative Example 2.
[Formation of Coating Film]

A coating film was formed according to the same method
as in Comparative Example 2.

[Formation of Fired Film]

This was attained according to the same method as in
Comparative Example 2.

[Measurement of Specific Resistivity (Volume Resistivity) of
Fired Film]

This was attained according to the same method as in

Comparative Example 2.

Example 2

Silver nanoparticles were produced according to “Produc-
tion of Silver Nanoparticles” described in Comparative
Example 1, and a silver particle dispersion of the silver par-
ticles coated with amine A (oleylamine) monodispersed in
tetradecane was produced. As the substituting amine B, hexy-
lamine was used here like in Example 1. In this, the time
dependency of the low-temperature sinterability of the silver
particle dispersion with the hexylamine B-coated silver par-
ticles dispersed therein was confirmed.

[Formation of Hexylamine-Substituted Particles]

As the amine B, 42.2 g of a reagent hexylamine (C;H,;—
NH,, special grade chemical by Wako Pure Chemical Indus-
tries) was prepared. The amount corresponds to 5.0 equiva-
lents relative to Ag. For the purpose of promoting the reaction,
50.1 g of isopropyl alcohol (special grade chemical by Wako
Pure Chemical Industries) was prepared. Hexylamine and



US 8,916,068 B2

15

isopropyl alcohol were mixed. Next, the mixture of hexy-
lamine and isopropyl alcohol was added to 18.0 g of the silver
particle dispersion obtained according to the method of Com-
parative Example 1 (in which the amine A coating amount
was 8.0% by mass, and the silver concentration was about
50% by mass). Next, the reactor was heated in a water bath up
to a liquid temperature of 60° C., and with heating and stirring
at 400 rpm, the substitution reaction was continued for 5
hours. When the stirring was stopped, the formation of pre-
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[Determination of X-ray Crystal Particle Diameter D]

The X-ray crystal particle diameter D, was determined
according to the same method as in Comparative Example 2.
[Preparation of Silver Coating Material]

A 67.5mas. % silver coating material was prepared accord-
ing to the same method as in Comparative Example 1. It was
recognized that the silver particle dispersion could have coat-
ability as an ink, and therefore, it was used as a silver coating
material directly as it was.

cipitated particles was confirmed. 10 [Formation of Coating Film]
[Solid-Liquid Separation and Washing] A coating film was formed according to a spin coating

220.7 g of methanol (corresponding to 2 times by mass of method like in Comparative Example 1.
the reaction liquid) was added to the above reaction liquid. [Formation of Fired Film]

This was added for promoting the precipitation. For 30 min- In addition to the experiment made according to the same
utes after the addition, the liquid was stirred and mixed, and 15 method as in Comparative Example 2, a fired film was formed
then kept static for 12 hours. After thus kept static, the super- according to the method mentioned below in this Example.
natant was removed for solid-liquid separation. The resulting The substrate with a coating film formed thereon was fired
precipitate was collected, then 80.1 g of methanol was added on a hot plate in air at different temperatures of 200° C., 120°
to the precipitate, stirred for 30 minutes, and then kept static C. and 100° C. In this, the substrate was not pre-fired, and the
for 12 hours. After thus kept static, the supernatant was 20 firing time (the retention time for which the substrate was kept
removed in the same manner as above for solid-liquid sepa- at the above temperature) was varied as 5, 10, 30 and 60
ration. The resulting precipitate was collected, then 80.1 g of minutes. Thus held for the varying retention time, the samples
methanol was added to the precipitate, stirred for 30 minutes, are “200° C. fired film”, <“120° C. fired film” and “100° C.
then centrifuged for 5 minutes for solid-liquid separation, and fired film”.

the solid fraction was collected. 25 [Measurement of Specific Resistivity (Volume Resistivity) of
[Preparation of Silver Particle Dispersion] Fired Film]

Decalin was prepared as a liquid organic medium. This was The specific resistivity was determined according to the
mixed with the above-mentioned, washed solid component, same method as in Comparative Example 2. The results of the
then dispersed and centrifuged for 30 minutes for solid-liquid fired films formed according to the same method as in Com-
separation, and the separated liquid was collected. In this 30 parative Example 2 are shown in Table 1. The results of the
liquid, the amine B-coated silver particles are monodis- fired films held for the varying retention time as above are
persed. shown in Table 2.

[TG-DTA of Protective Material] As is known from Table 1, the silver nanoparticles coated

The washed solid fraction was analyzed through TG-DTA with the protective material of adsorbed octylamine in Com-
in the same manner as in Comparative Example 1. The DTA 35 parative Example 2 were fully sinterable at a low temperature
curve is shown in FIG. 4. By comparison between before 01'120° C., however, when the firing temperature was 100° C.,
substitution (FIG. 1) and after substitution (FIG. 4), the peak the specific resistivity of the conductive film suddenly
appearing in FIG. 1 disappeared after substitution, and a new increased. As opposed to this, the silver nanoparticles coated
peak was seen. From this, it is considered that the protective with the protective material of adsorbed hexylamine in
material was changed from the amine A (oleylamine) to hexy- 40 Examples 1 and 2 stably maintained a sufficiently low spe-
lamine. In this, the loss on heat was 3.3%. cific resistivity even at the firing temperature of 100° C.
[Determination of Mean Particle Diameter D, | As also known from Table 2, the coating films had a suffi-

The sample powder (hexylamine protective material- ciently low specific resistivity of not higher than 25 p€2-cm
coated, washed solid fraction in wet) was analyzed for the when fired at 100° C. for a short firing time of 5 minutes
mean particle diameter D, thereof in the same mannerasin 45 without pre-firing. The relationship between these is shown in
Comparative Example 2. FIG. 6.

TABLE 1
Type of Protective Particle Specific Resistivity
Material Diameter Constitution of Fired Film
Initial Substituted Condition for Substitution Operation Dy Dyzar  of Protective (1R - cm)
Protective Protective Temper-  Stir- at at Material 100°  120°  200°
Material Material ~ Organic Added Time ature ring 25°C. 25°C. A:amineA @ C. C. C.

Example No. Amine A Amine B Medium Alcohol (h) (°C) (rpm)  (nm) (nm) B:amine B firing firing firing

Comparative oleylamine — — — — — — 5.33 8.50 A — over 3.6

Example 1 load

Comparative oleylamine  octylamine tetra- iso- 5 60 400 5.36 9.72 B 31.7 87 2.7

Example 2 decane  propanol

Example ] n=1 oleylamine  hexylamine tetra- iso- 5 60 400 6.20 9.37 B 84 59 34

n=2 decane  propanol 5.94 9.33 B 11.8 9.7 3.7
n=3 522 974 B 105 7.6 47
n=4 536 8.62 B 9.5 60 38
n=>5 647 841 B 103 51 5.6
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TABLE 1-continued
Type of Protective Particle Specific Resistivity
Material Diameter Constitution of Fired Film
Initial Substituted Condition for Substitution Operation Dy Dyga  of Protective 1Q - cm
Protective Protective Temper-  Stir- at at Material 100°  120°  200°
Material Material Organic Added Time ature ring 25°C. 25°C. A:amineA C. C. C.
Example No. Amine A Amine B Medium Alcohol (h) °C) (rpm)  (nm) (nm) B:amine B firing firing firing
n=6 552 925 B 7.9 65 3.1
n=7 612 9.85 B 111 85 34
Example 2 oleylamine  hexylamine tetra- iso- 5 60 400 5.05 8.89 B 12.0 8.1 4.4
decane  propanol
15 . . . . . .
TABLE 2 t0400to obtain coateq sﬂVgr particles with the primary amine
A having a mean particle diameter D, , of from 3 to 20 nm
B Specific Resistivity of Fired Film or an X-ray crystal particle diameter Dy of from 1 to 20 nm, a
Firing (with 1o prefiring) (u€2 - cm) step of mixing the silver particles coated with the primary
Temperatwre Smin 10min 30 min 60 min amine A with a liquid organic medium to be silver particles
Example No. (E ) firing  firing firing firing 20" monodispersed in the liquid organic medium, a step of mixing
the silver particle dispersion and hexylamine, a step of keep-
Example 2 100 23.0 17.9 13.6 8.9 ing the mixture liquid at 5 to 80° C. with stirring to thereby
120 12.0 8.7 8.7 6.5 o : : e
200 5o 4 <o ix form precipitated particles, a step of collecting the precipi-
: : : : tated particles as a solid fraction through solid-liquid separa-
25 tion, a step of washing the collected solid fraction, and a step
The invention claimed is: of dispersing the washed solid fraction in a liquid organic
1. A method for producing a silver micropowder compris- medium 8. . . . . .
ing P g P P 4. The method for producing a silver ink as claimed in
a step of reducing a silver compound with a reducing agent 30 claim 3, wherein the primary amine Als 0¥eylam1ne..
of an alcohol or polyol under presence of an amine A .5: A method for prqducmg a silver coating Ipaterlal com-
having an unsaturated bond and having a molecular prising a step of reducing a silver compound with a redl}cmg
weight of from 200 to 400 to obtain coated silver par- agent of an alcohol or polyol under. presence of an amine A
ticles with the primary amine A having a mean particle having an unsaturated bond and having a molecular weight of
diameter D of from 3 to 20 nm or an X-ray crystal from 200 to 400 to obtain coated silver particles with the
TEM . . . . .
particle diameter D, of from 1 to 20 nm, a step of mixing 3> primary amine A having a mean pamcle? dlameter Dy of
the silver particles coated with the primary amine A with from 3 to 20 nm or an X-ray.CI.'y stal pat.'tlcle dlameter Dy of
a liquid organic medium to be silver particles monodis- frgm 1o 2,0 m, a step of mixing the silver .partlcl?s coated
persed in the liquid organic medium, a step of mixing the Wlth the primary amine Awith a hqmd, organic me?dlum to be
silver particle dispersion and hexylamine, a step of keep- silver partic l.es monqdlsperseq 1 the hql%ld organice medn}m,
ing the mixture liquid at 5 to 80° C v,vith stirring to 40 astep of mixing the silver particle dispersion and hexylamine,
thereby form precipitated particles, and a step of collect- astep of keeping the .m.ixture liqqid at5t0 80° C. with s.tirring
ing the precipitated particles as a solid fraction through to th.er.eby form pr ecipitated p.artlcles., astep ofcolle.ctln.g the
solid-liquid separation precipitated particles as a solid fraction through solid-liquid
2. The method for pro (iucing a silver micropowder as separation, a step of washing the collected solid fraction, and
. 45 a step of mixing the washed solid fraction with an organic

claimed in claim 1, wherein the primary amine A is oley-
lamine.

3. A method for producing a silver ink comprising a step of
reducing a silver compound with a reducing agent of an
alcohol or polyol under presence of an amine A having an
unsaturated bond and having a molecular weight of from 200

medium to make the mixture have a coatable property.

6. The method for producing a silver coating material as
claimed in claim 5, wherein the primary amine A is oley-
lamine.



